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Abstract:Underimpactloadingconditions,thestressstatederivedfromthecontactbetweenthe
projectileandthetarget,aswelasfromthesubsequentmechanicalwaves,isavariableofgreat
interest.Thegeometryoftheprojectileplaysaderterminingroleintheresultingstressstatein
thetargetedstructure.Inthisregard,diferentstressstatesleadtodiferentfailuremodes.Inthis
work,weanalyzetheinﬂuenceofthestressstateonthedeformationandfailurebehaviorsofthree
aluminumaloysthatarecommonlyusedintheaeronautical,naval,andautomotiveindustries.
Tothispurpose,tension-torsiontestsareperformedcoveringawiderangeofstresstriaxialitiesand
Lodeparameters.Secondly,theobservationsfromthesestatictestsarecomparedtofailuremodeof
thesamematerialsathighimpactvelocitiestestswiththeaimofanalysingtheroleofstressstateand
strainrateinthemechanicalresponseofthealuminumplates.Experimentalimpactsareconducted
withdiferentprojectilegeometriestoalowfortheanalysisofstressstatesinﬂuence.Inaddition,
theseexperimentsaresimulatedbyusingﬁniteelementmodelstoevaluatethepredictivecapability
ofthreefailurecriteria:criticalplasticdeformation,Johnson-Cook,andBai-Wierzbicki.
Keywords: tension-torsiontest;impacttests;Lodeparameter;stresstriaxiality;AA2024-T351;
AA6082-T6;AA5754-H111
1.Introduction
Inrecentyears,anexhaustiveeforthasbeen madetoimprovetheknowledgeabout
energyabsorptionandcrashworthinessofprotectivestructures.Inthisregard,manyengineering
fieldsrequireacomprehensivestudyofthemechanicalbehaviorofmetalicstructureswiththe
fundamentalrequirementoflightweightandsafety.Therefore,thedeformationandthedamage
initiation/developmentinsuchstructuresarerelevantphenomenawhichshouldbeconsideredwhen
assessingthebalisticperformanceofductilestructures.Thedeformationofaductilematerialinvolves
anincreaseofthedislocationdensity,arrangementinpile-upsandthen,thenucleationandgrowth
ofinternalvoidsuntilthefinalfailure[1]. Moreover,thefailureofductilematerialsunderimpact
loadingsinvolveshighdeformationratesandtemperatures.Inaddition,thefailureprocessisdrivenby
metalurgicaleventssuchasnucleation,growth,andcoalescenceofholes.Numerousphenomenological
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modelshavebeendevelopedtopredictductilefailure.PioneerworksofMcClintock[2,3]andRiceand
Tracey[4]firstlyintroducedtheconsiderationofthestresstriaxiality,whichisdefinedastheratioof
hydrostaticpressuretovonMisesequivalentstress,asarelevantvariableintheductilefailureevent.
Numerousexperimentalstudies[5–9]haveshownthatfailuredecreasesforhigherstresstriaxialities.
JohnsonandCook[7]proposedinphenomenologicaltermsthattheequivalentplasticfailurestraincan
berelatedtothestresstriaxialitybyanexponentialfunction.However,BarsoumandFaleskog[10,11]
haveshownthatthestresstriaxialityisnotsuficienttoproperlydescribethebehaviorofthematerial
atfailurebyitsown.Consequently,theyintroducedtheso-caledLodeparametertodescribecorrectly
thestressstate;whichisbasedonthethirdinvariantofthestresstensor.
TheanalysisoftheinfluenceofstresstriaxialityandLodeparameteronfailurehasbeenaddressedby
theconsiderationofseveralspecimengeometriesandloadingmethods[12].Aconceptualrepresentation
ofthestressstatesontheplaneofstresstriaxialityandlodeparameterispresentedinFigure1
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which is defined as the raio of hydrost c pressure to von Mises equivalent stress, as  relvnt 
variable in the ducile failure vnt. Numrous experimntal studies [5–9] hav shown that failur 
dceaes fo higher stress triaxialities. Johnsn ad Cook [7] proposed in phenomnological terms 
that the equivalent plastic failure strain can be related to the stress triaxiality by an exponential 
function. However, Barsoum and Faleskog [10,11] have shown that the stress triaxiality is not 
suficient to properly describe the behavior of the material at failure by its own. Consequently, they 
introduced the so‐caled Lode parameter to describe correctly the stress state; which is based on the 
third invariant of the stress tensor. 
The analysis of the influence of stress triaxiality and Lode parameter on failure has been 
addressed by the consideration of several specimen geometries and loading methods [12]. A 
conceptual representation of the stress states on the plane of stress triaxiality and lode parameter is 
presented in Figure 1.  
 
Figure 1. Conceptual representation of the stress states on the plane of stress triaxiality and Lode 
parameter. 
The relation between failure modes and stress triaxiality has not been widely studied in impact 
processes on metalic plates by means of the shape of the projectile nose and material thickness [1,13–
15]. Kpenyigba et al. [13] performed experimental tests and numerical simulations to study the 
impact response of 1 mm thick mild steel sheets against blunt‐, conical‐, and hemispherical‐shape 
projectiles. Their study revealed that the balistic limit of this material is higher for hemispherical 
projectiles, folowed by conical and blunt ones respectively. The failure mechanisms found to be 
associated to each projectile type were: the blunt projectile induced plug ejection due to high‐speed 
shearing; the conical projectile caused failure by petaling due to piercing; and the hemispherical 
projectile led to radial hole expansion inducing necking and radial cracks. Based on an optimization 
process for the whole range of impact velocities considered and with the use of numerical models, 
these authors found a critial failure strain for each specific projectile shape. The stress triaxialities 
considered were 0 for blunt projectiles, 0.33 for conical projectiles, and 0.66 for hemispherical 
projectiles. Fras et al. [1] calibrated the failure parameters of the Johnson‐Cook model for the 
aluminum aloy AA7020‐T651 from quasi‐static tests. However, they found that the failure 
parameters were not able to reproduce the plug‐based failure in impact events faithfuly. In this 
regard, the use of diferent parameters D and D of the Johnson–Cook failure model, related to the 
influence of the stress state temperature, alowed them to simulate the plug shape observed in the 
experiments. These results revealed a keen sensitivity to the change of JC parameters. 
In this work, AA 2024‐T351, AA 5754‐H111, and AA 6082‐T6 aluminum alloys are mechanicaly 
characterized by static tension–torsion tests and impact tests. The observations from static tests are 
compared to failure mode of the same materials at high impact velocities tests. Experimental impact 
tests are conducted with diferent projectile geometries and diferent thickness plate to induce 
diferent stress states. In addition, numerical models are developed for to complement the analysis 
of stress state (triaxiality and Lode parameter) and strain rate effects. The analysis can evaluate the 
.
Figure1. Conceptualrepresentationofthestressstatesontheplaneofstresstriaxialityand
Lodeparameter.
Thrlationbetweenfailuremodesandtresstriaxialityhas tbeenwidelysudiedinimpact
processeso metlicpatesbymeansoftheshapoftheprojectilenosandmaterilthicknes[1,13–15].
Kpenyigbatal.[13]performedexperimntalets dnumerialsimultionstostudytheimpact
res nseof1mmthickmildstelseesagin blunt-,conical-,andhemisp ical-shapeprojectiles.
Theistudyrevealedthattheblisticimi fthismaeriaisigherforhemisphericalprojectiles,
folowedbyconicalandbluntonesrespectively.Thefailuremechanismsfoundtobeassociatedto
eachprojectiletypewere:thebluntprojectileinducedplugejectionduetohigh-speedshearing;the
conicalprojectilecausedfailurebypetalingduetopiercing;andthehemisphericalprojectileledto
radialholeexpansioninducingneckingandradialcracks.Basedonanoptimizationprocessforthe
wholerangeofimpactvelocitiesconsideredandwiththeuseofnumericalmodels,theseauthors
foundacritialfailurestrainforeachspeciﬁcprojectileshape.Thestresstriaxialitiesconsideredwere0
forbluntprojectiles,0.33forconicalprojectiles,and0.66forhemisphericalprojectiles.Frasetal.[1]
calibratedthefailureparametersoftheJohnson-CookmodelforthealuminumaloyAA7020-T651
fromquasi-statictests.Howeve,thyfoundthattheailureparameterswerenotabetoreproducthe
plug-basdfailurinimpac vntsfaihfuly.Inthisrgard,theseofdiferentparametsD4andD5
oftheJohnson–Cookfailremode,relatdtothenﬂuencofthstresssttetemperature,alowed
themtosimulatetheplugshapeobservedintheexperiments. heseresultsrevealedakeensensitivity
totechangeofJCpramters.
Inthiswrk,AA2024-T351,AA5754-H111,andAA6082-T6aluminumaloysar mechanialy
characeizedbysatictension–torsiontssandi pacttests.Theobservatio fromstaictestsare
compa dofailuremodeofthesamematerialsathighimpactvlocitiestests.Exprimntalimpact
testsareconductedwithdiferentprojectilegeometriesanddiferentthicknessplatetoinducediferent
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stressstates.Inaddition,numericalmodelsaredevelopedfortocomplementtheanalysisofstressstate
(triaxialityandLodeparameter)andstrainrateefects.Theanalysiscanevaluatetheappropriatenessof
diferentfailureapproachesconsidered:criticalplasticdeformation,Johnson-Cook,andBai-Wierzbicki.
Thecombinedstudyoftheexperimentalandnumericalresultsilustratesthejointefectsthattarget
materialbehavior,projectilenoseshape,andimpactvelocityhaveontheductilefailure.
2. MaterialsDescription
Threealuminumaloysusedinthiswork:5754-H111,6082-T6,and2024-T351.5754-H111
aluminumaloyshaveexcelentcorrosionresistance,especialytoseawaterandcontaminated
atmospheres.Itisthereforeverysuitableforuseinthemarineindustry.Themostcommonapplications
foraluminumaloyaresoil,shipbuilding,chemicalwelding,andnuclearstructureapplications.Itis
alsocommonlyusedinstructuralelementsandinteriorpanelsintheautomotiveindustry.Thechemical
compositionofthematerial(%byweight)isshowninTable1[16].
Table1.ChemicalcompositionofAA5754-H111,AA6082-T6,andAA2024-T351(%byweight)
Material Mn Si Cr Fe Cu Zn Ti Mg Ni
AA5754-H111 0.260 0.290 0.030 0.320 0.040 0.020 0.030 2.8 -
AA6082-T6 0.450 0.990 0.030 0.410 0.080 0.040 0.030 0.730 0.010
AA2024-T351 0.3–0.9 0.500 0.1 0.500 3.8–4.9 0.25 0.15 1.2–1.8 -
The6082-T6aluminumaloysofermoderatestrengthwithgoodductilityinheat-treatedand
agedcondition.Aluminumaloy6082isoneofthestrongestaloysinthe6xxxgroup[16].Itcanalso
befoundinexteriorairframepanelsbeingarealalternativetoconventionalmildsteelinautomotive
panelsandstructures.Thechemicalcompositionofthematerial(%byweight)isreﬂectedinTable1.
Magnesium(0.730%)andsilicon(0.990%)arethemainaloyingelementsofthisaloy.
Aluminumaloy2024-T351possegoodcombinationsofhighstrength(especialyatelevated
temperatures),toughness,and,inspeciﬁcinstances,weldability[16].Themainapplicationsofthis
materialareaircraftstructuralcomponents,wingtensionmembers,hardware,truckwheels,scientist
instruments,veterinaryandorthopaedicbracesandequipment,andinrivetsbecauseofitshigh
strength,excelentfatigueresistance,andgoodstrength-to-weightratio.Thechemicalcompositionof
thematerial(%byweight)isreﬂectedinTable1.
Representativequasi-staticstress-straincurvesareshowninFigure2inordertoilustratethe
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appropriateness of diferent failure approaches consiered: critica platic defomation, Jh on‐
Cok, ad Bai‐Werzbicki. Th combined study of the expermentl and numrical results ilustrates 
the jit eects th target material behavior, projectile nose shape, and impact velocity have on the 
ductile failure.  
2. Materials Description  
Three aluminum aloys used in this work: 5754‐H111, 6082‐T6, and 2024‐T351. 5754‐H111 
aluminum aloys have excelent corrosion resistance, especialy to seawater and contaminated 
atmospheres. It is therefore very suitable for use in the marine industry. The most common 
applications for aluminum aloy are soil, shipbuilding, chemical welding, and nuclear structure 
applications. It is also commonly used in structural elements and interior panels in the automotive 
industry. The che cal compoition of the material (% by weigt) is shown n Table 1 [16].  
The 6082‐T6 aluminum aloys ofer mderate strengh with good ductility in heat‐treated and 
age condition. Aluminum loy 6082 is on of h strongst aloys in the 6xxx group [16]. I can also 
be found in exterior airframe panels being a real alternative to conventional mild steel in automotive 
panels and structures. The chemical composition of the material (% by weight) is reflected in Table 1. 
Magnesium (0.730%) and silicon (0.990%) are the main aloying elements of this aloy. 
Aluminum aloy 2024‐T351 posse good combinations of high strength (especialy at elevated 
temperatures), toughness, and, in specific instances, weldability [16]. The main applications of this 
material are aircraft structural components, wing tension members, hardware, truck wheels, scientist 
instruments, veterinary and orthopaedic braces and equipment, and in rivets because of its high 
strength, excelent fatigue resistance, and good strength‐to‐weight ratio. The chemical composition 
of the material (% by weight) is reflected in Table 1. 
Representative quasi‐static tres‐strain curves are shown in Fig     er   rate the 
diferences in three diferent aluminum aloys. 
 
Figure 2. Stress‐strain curves of aluminum aloys used. 
Table 1. Chemical composition of AA 5754‐H111, AA 6082‐T6, and AA 2024‐T351 (% by weight) 
Material  Mn  Si  Cr  Fe  Cu  Zn  Ti  Mg  Ni 
AA 5754‐H111  0.260  0.290 0.030 0.320  0.040  0.020 0.030  2.8  ‐ 
AA 6082‐T6  0.450  0.990 0.030 0.410  0.080  0.040 0.030  0.730  0.010 
AA 2024‐T351 0.3–0.9 0.500  0.1  0.500 3.8–4.9  0.25  0.15  1.2–1.8  ‐ 
3. Combined Tension‐Torsion Tests 
An experimental‐numerical methodology, based on Barsoum and Faleskog work for Weldox 
steel [1], has been implemented for the aluminum aloys. The double notched tube (DNT) specimen 
diferencesinthreedifrentaluminumaloys.
Figure2.Stress-traincurvesofaluminumaloys
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3.CombinedTension-TorsionTests
Anexperimental-numericalmethodology,basedonBarsoumandFaleskogworkfor Weldox
steel[1],hasbeenimplementedforthealuminumaloys.Thedoublenotchedtube(DNT)specimen
alowsforachievinglow-stresstriaxialityandarangeofLodeparameterincombinedtensionand
torsion.Thefailurelocushasbeenconstructedasafunctionofstresstriaxialityandthethirdinvariant
ofthestressdeviator,conﬁrmingthecombinedvoid-shearnatureofthefailure.Thismethodologyhas
beensuccessfulydevelopedonAA2024-T351inapreviouswork[17].
3.1.ExperimentalMethodology
Thegeometryofthedoublenotchedtube(DNT)performedisbasedonthespecimenusedby
BarsoumandFaleskog(Figure3a).ThedimensionsoftheDNTspecimenareheightofH=160mm,
exteriordiameterofdext=24mm,radiustothecenterofthenotchofrm=10.4mmandinternal
diameterofthetubeofdint=17.6mm.Therefore,thenetsectionthicknessatthenotchistn=1.2mm
andthenotchheighth=1.0mm.ThetensileforceNandthetorsionalmomentMareappliedatthe
endofthespecimen,andtheotherendisclamped.Thecombinedloadingexperimentsareconducted
usingaServosisME-402machinethatwasmodiﬁedtoachievethecombinationoftensileforceNand
torsionalmomentMsimultaneously,deﬁnedbytheloadingparameterκas
κ=N·rmM (1)
BothaxialdisplacementandtherotationanglenearthenotchweremonitoredbyEpsilon
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alows for achieving low‐stress triaxiality and a range of Lode parameter in combined tension and 
torsion. The failure locus has been constructed as a function of stress triaxiality and the third invariant 
of the stress deviator, confirming the combined void‐shear nature of the failure. This methodology 
has been successfuly developed on AA 2024‐T351 in a previous work [17]. 
3.1. Experimental Methodology 
The geometry of the double notched tube (DNT) performed is based on the specimen used by 
Barsoum and Faleskog (Figure 3a). The dimensions of the DNT specimen are height of H = 160 mm, 
exterior diameter of dext = 24 mm, radius to the center of the notch of rm = 10.4 mm and internal 
diameter of the tube of dint = 17.6 mm. Therefore, the net section thickness at the notch is tn = 1.2 mm 
and the notch height h = 1.0 mm. The tensile force N and the torsional moment M are applied at the 
end of the specimen, and the other end is clamped. The combined loading experiments are conducted 
using a Servosis ME‐402 machine that was modified to achieve the combination of tensile force N and 
torsional moment M simultaneously, defined by the loading parameter κ as 
M
rNm·   (1) 
Both axial displacement and    on angle near   notch wer  monitored by Epsilon 
Technology’s 3550HT axial/torsional extensometer (Epsilon Technology Corp, Jackson, WY, USA). 
(a)  (b) 
Figure 3. (a) Geometry and dimensions of DNT specimen; (b) numerical model of DNT specimen. 
3.2. Numerical Methodology 
Due to the complexity of the study of the stress triaxiality, Lode parameter, and equivalent 
plastic strain at failure by experimental techniques, we folow here a numerical methodology to 
overcome the measurement of internal stresses in the specimen during the deformation process. To 
this end, a finite element model of the tension–torsion test is developed using Abaqus (6.14, Dassault 
Systèmes, Vélizy‐Vilacoublay, France) and it is used to evaluate the stress state over the notch. The 
double notched tube specimen was modeled using four‐node axisymmetric elements with twist 
(CGAX4R). The element size in the gage section of both specimens was approximately 0.045 × 0.045 
mm2 to guarantee spatial convergence of the solution (see Figure 3b). 
3.2.1. Thermoviscoplastic Behavior 
The thermoviscoplastic mechanical behavior of the aluminum aloys is defined by the Johnson–
Cook (JC) model [7]. This approach assumes linear elastic behavior until reaching a yield point that 
depends on strain rate (̅ ) and temperature and evolves folowing a hardening law that also depends 
on the equivalent plastic deformation (̅ ) (see Equation (2). The first term of Equation (2) defines 
the strain hardening due to plastic deformation depending on the reference yield stress A and the 
Technology’s /torsionalextensomter TechnologyCorp, WY,USA).
Figure3.(a)GeometryanddimensionsofDNTspecimen;(b)numericalmodelofDNTspecimen.
3.2.NumericalMethodology
Duetothecomplexityofthestudyofthestresstriaxiality,Lodeparameter,andequivalentplastic
strainatfailurebyexperimentaltechniques,wefolowhereanumericalmethodologytoovercome
themeasurementofinternalstressesinthespecimenduringthedeformationprocess.Tothisend,
aﬁniteelementmodelofthetension–torsiontestisdevelopedusingAbaqus(6.14,DassaultSystèmes,
Vélizy-Vilacoublay,France)anditisusedtoevaluatethestressstateoverthenotch.Thedouble
notchedtubespecimenwasmodeledusingfour-nodeaxisymmetricelementswithtwist(CGAX4R).
Theelementsizeinthegagesectionofbothspecimenswasapproximately0.045×0.045mm2to
guaranteespatialconvergenceofthesolution(seeFigure3b).
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3.2.1.ThermoviscoplasticBehavior
Thethermoviscoplastic mechanicalbehaviorofthealuminumaloysisdeﬁnedbythe
Johnson–Cook(JC)model[7].Thisapproachassumeslinearelasticbehavioruntilreachingayield
pointthatdependsonstrainrate(.εp)andtemperatureandevolvesfolowingahardeninglawthat
alsodependsontheequivalentplasticdeformation(εp)(seeEquation(2).TheﬁrsttermofEquation
(2)deﬁnesthestrainhardeningduetoplasticdeformationdependingonthereferenceyieldstressA
andthematerialconstantsBandn.Thesecondtermaccountsforstrainratesensitivitythroughthe
materialparameterCandthereferencestrainrate.ε0.Regardingthethirdterm,itcapturesthethermal
softeningofthematerialbythethermalsensitivityparameterm.
σ(εp,.εp,T)=A+B(εp)n 1+Cln
.εp.ε0
[1−Θm] (2)
Thethermal-relatedtermΘdependsonthecurrenttemperatureT,themeltingtemperatureTm
andareferencetemperatureT0as:
Θ= T−T0Tm−T0 (3)
Inaddition,thenumericalmodelimplementedinthisworktakesintoaccountthetemperature
evolutionduetoheatequationassumingadiabaticconditions.Thisevolutioniscomputedalongthe
deformationprocessthroughtheexpression:
∆T(εp,.εp,T)= βρCp
εp
εe
σ(εp,.εp,T)dεp (4)
TheTaylor–Quinneycoefﬁcientthatdeﬁnesthepercentageofplasticworkconvertedintoheatwas
takenequaltoβ=0.9[18].AlthoughrecentstudieshaveshownthattheTaylor–Quinneycoefﬁcient
dependsonstrainrateand,therefore,isnotconstant[19],weconsideritconstant,asgeneralydone
intheliterature.ThedensityofthematerialisdenotedbyρandCpisthespeciﬁcheatatconstant
pressure.TheconstantsoftheJohnson–Cookmodelforaluminumaloyshavebeenobtainedfrom
recentworksbytheauthors[20,21]andareprovidedinTable2withotherphysicalproperties.
Table2.MaterialpropertiesandJohnson–Cookparametersofaluminumaloys
Parameter AA2024-T351 AA5754-H11 AA6082-T6
Elasticity
E(GPa) 70 68 70
ν(−) 0.3 0.3 0.3
Thermoviscoplasticbehavior
A(MPa) 352 28.13 201.55
B(MPa) 440 278.67 250.87
n(−) 0.42 0.183 0.206.ε0 s−1 3.3×10−4 0.1 0.001
C(−) 0.0083 0.00439 0.00977
m(−) 1.7 2.527 1.31
Otherphysicalconstants
ρkg/m3 2700 2700 2700
β(−) 0.9 0.9 0.9
Cp(J/kgK) 900 900 900
T0(K) 293 293 293
Tm(K) 775 873 855
3.2.2.FailureBehavior
Thenumericalmodelpresentedhereisdevelopedtoidentifythestressstateinthecombined
tension–torsiontestsandtounderstandthefailure mechanismsassociated. Tothisend,the
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Bai–Wierzbicki(BW)failuremodelisdeﬁnedtotakeintoaccountforthestresstriaxialityηand
theLodeangleθthrough:
εfη,θ= 12D1e
−D2η+D5e−D6η −D3e−D4ηθ2+ 12D1e
−D2η+D5e−D6η θ+D3e−D4η (5)
Severalauthors[22–26]haveassumedasymmetricfailurecriterionconcerningtheLodeparameter.
Therefore,Equation(5)isreducedto:
εfη,θ= D1e−C2η−D3e−D4ηθ2+D3e−D4η (6)
whereDiarefailureconstantsdependingonthematerialmodeled.Theseparameterscanbeobtained
fromtension–torsionexperimentaldata(seeSection3.3)byusingleasesquaremethodinMATLAB
(R2017a,MathWorks,Natick,MA,USA)and,therefore,generatingthefailuresurfacefromtheexisting
points.ThevaluesofDiforthealuminumaloysconsideredaresummarisedinTable3.
Table3.Bai–Wierzbickiparametersofaluminumaloys.
Parameters AA2024-T351 AA5754-H11 AA6082-T6
D1 0.42 0.52 0.12
D2 0.61 0 0
D3 0.21 0.41 0.16
D4 0.0013 0 0.69
3.3.Results
TheexperimentalresultsonDNTspecimensprovideadequatevaluesofdisplacementand
rotationinthegagesection.Thetestisstronglystableindisplacement–rotationcontrol,andfailure
occursclosetothemiddleofthegagesection.Thenumericalresultsprovidevaluesofstresstriaxiality
from0to1.2andvaluesofLodeparameterfrom−1to0.Figure4showsthelocalizationoftheplastic
strainεp,maximumstresstriaxialityη,andthemaximumLodeparameterµ,inthenotchedregion.
Thisbehaviorisinagreementwiththenumericalresultspublishedbyotherauthors[11,27
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Figure5ilustratestheﬁnalstageofthetestforthethreematerialstested.Post-mortemanalysis
oftheimpactedplatesrevealsdiferentfailuremechanismsdependingonthematerialtested.Asthe
loadingparameterisincreased,achangeinthefailuremechanismsisinduced(i.e.,thestressstate
inducedbyforκ=
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FailurelocusisconstructedregardingstresstriaxialityandLodeparameter(Figure6).According
totheinﬂuenceofthestressstate,ourresultsshowthatanincreaseinstresstriaxialiatyvaluesdoes
notleadtoamonotonicalydcreaseintheefectiv plasicfailurestrainvalues.Theefectiveplastic
strainincreaseswithtestrsstriaxialityuptoathresholdvalueofµ~0.68,fr mwhichbeginsto
decreaseforAA2024-T351. However,thethreholdstrsstriaxialiyforAA5754-H111i µ~0.8.
Thisefectcanbeexplainedbytheinﬂuenceofthethirdinvariant(Lodeparameter).Thetransition
intherupturemechanismhasalsobeenobservedforductilesteel[28].Forhigh-stresstriaxiality
valuesthepredominantfailuremechanismisgovrnedbyvoidgowthandcoalescec,adasthe
stresstriaxial decreases,tefailurese mstochangeintoshearingbetweenvoids.Thisbehavior
isnotobservedformetalpresentingweakdepen ncyonLodeparameter,as5083-H116aluminum
aloy[22]orDH36steel[29],whereequivalentplasticstraindecreaseswithincreasingtriaxiality
withoutanychangeoffailuremechanism.
Thealuminumaloywiththehghestfalredeormationinquasi-saticcondiiossthe5xxx,
5754-H111erie,folowedbyAA2024-T351,andtheleatductileisAA6082-T6.Moreover,boththe
LodeparameterandthestresstriaxialityareobservedtoinﬂuencethefailureoftheAA2024-T351and
AA5754-H111aloys:themaximumfailurestrainisproducedfortensilestressstates.However,forthe
AA6082-T6,thereisnotsigniﬁcantinﬂuenceoftheLodeparameteronthefailurestrain,beingthe
shearstateswhereahigherfailurestrainisfound,asshownbyZhou[30].
Fromexperimentalstudies[20,21],thefolowingfeaturesofthealoysusedinthisworkcanbe
stated:AA5754-H111haslowstrength/moderatehardening,AA6082-T6hasmoderatestrength/low
hardening,andAA2024-T351hasthehighstrength/highhardening.Barsoumetal.[10]concluded
thatthesensitivitytotheLodeparameterincreaseswithhighermaterialyieldstrengthaccompanied
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withadecreaseinhardening.However,forthealuminumaloysstudied,higherdiferencesofLode
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The3DplotoftheinﬂuenceofthestresstriaxialityandtheLodeparameteronthefailurestrainis
showninFigure7.TheefectoftheLodeparameterisnegligibleathightriaxialityvalues.Theresults
presentedinthisworkfolowsimilartrendsthantheresultspublishedbyotherauthors[31
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4.PerforationTests
4.1.ExperimentalMethodology
Inordertofurtheranalyzetheinﬂuenceofthestressstateonthemechanicalbehaviorandfailure
ofaluminumaloysinmorecomplexscenarios,weperformperforationtestsathighimpactvelocities.
Perforationtestsarecommonlyusedfortheanalysisoffailureofductilematerialsinvolvinghigh
deformationratesandtemperaturesefects[21,32,33].Experimentaltestsareconductedonaluminum
platesusingapneumatic7.62mmcalibergasgunbarreltolaunchbluntprojectilesofmass1.1gand
sphericalsteelprojectilesofmass1.7gatpressuresupto6bars,toimpelthecompositefragment
rougha1.5mlongbarrel,Figure8.Aspecialsabot,madeofPLA,wasdevelopedtoholdtheblunt
projectilesduringthetrajectory.Theimpactvelocitiesappliedintheseexperimentscoverawiderange
of70m/s<V0<500m/s.Itshouldbenotedthat,foralthetestsperformed,theprojectilesshowed
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Inc., San Diego, USA) is used to measure the impact and residual velocities when the projectiles 
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The projectiles are made of maraging steel with a heat treatment to reach yield stress close to 
2	GPa. Their geometries and dimensions are shown in Figure 8b,c.  
anabsenceofplasticstraining,damageorerosionaftertheimpact.
(a)Schemeofexperimentalsetupusedforperforationtest.Geometryan dimensions(mm)
bluntprojectile; projectile.
Thespecimensareclampedinthefrontandbacksidesoftheoutlineoftheplate;slidingefects
arenotobservedduringthetest.APhotronFastCamSA-Zdigitalhigh-speedcamera(PhotronUSA,
Inc.,SanDiego,USA)isusedtomeasuretheimpactandresidualvelocitieswhentheprojectiles
impactandperforatethetarget,Figure9.Theselectedframerate(28,000framespersecond,fps)and
theresolution1024×744pixelsarechosenbasedonearlytesting,alowingaproperfocusonthe
images.Thehigh-speedcameraisplacedperpendicularlytotheimpactalowingforcapturingboth
theentranceandtheexitoftheprojectilefromthesameangle.
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Figure 9. High‐speed camera sequence of the impact process to obtain Vo and Vr. (a) and (b) before 
impact imagens and; (c) and (d) after impact imagens. 
4.2. Numerical Methodology 
The numerical simulations of the impact problem are carried out using the commercial software 
Abaqus/Explicit. The geometry of the target and projectiles is the same as used in experiments. The 
mesh of the target plate includes a total number of 264,100 nodes and 242,500 elements (C3D8R in 
Abaqus notation), see Figure 10. A total number of 12 elements are defined along the thickness as 
recommended by Rodríguez‐Martínez and co‐authors [34]. This mesh has been used in a previous 
work, more details can be found in Rodriguez‐Milan et al. [21].  
 
Figure 10. Target mesh used in the numerical simulations. 
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described in Section 3.2.1. 
4.2.2. Failure Behavior 
Three diferent failure criteria are used: single failure model based on a critical plastic 
deformation threshold; Johnson–Cook failure model [7]; and Bai–Wierzbicki model [23–25]. The 
later is described in Equations (5) and (6), and its constants for the three aluminum aloys studied 
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Figure9.High-speedcamerasequenceoftheimpactprocesstoobtainVoandVr.(a)and(b)before
impactimagensand;(c)and(d)afterimpactimagens.
Theprojectilesaremadeofmaragingsteelwithaheattreatmenttoreachyieldstresscloseto
σy=2GPa.TheirgeometriesanddimensionsareshowninFigure8b,c.
4.2.NumericalMethodology
Thenumericalsimulationsoftheimpactproblemarecarriedoutusingthecommercialsoftware
Abaqus/Explicit.Thegeometryofthetargetandprojectilesisthesameasusedinexperiments.
Themeshofthetargetplateincludesatotalnumberof264,100nodesand242,500elements(C3D8R
inAbaqusnotation),seeFigure10.Atotalnumberof12elementsaredeﬁnedalongthethicknessas
recommendedbyRodríguez-Martínezandco-authors[34].Thismeshhasbeenusedinaprevious
work,moredetailscanbefoundinRodriguez-Milanetal.[21
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4.2.2.FailureBehavior
Threediferentfailurecriteriaareused:singlefailuremodelbasedonacriticalplasticdeformation
threshold;Johnson–Cookfailuremodel[7];andBai–Wierzbickimodel[23–25].Thelaterisdescribed
inEquations(5)and(6),anditsconstantsforthethreealuminumaloysstudiedareprovidedin
Section3fromthetension–torsiontests.NotethatthecalibrationontheBai–Wierzbickimodelisdone
withquasi-statictestsandamoreaccurateidentiﬁcationoftheseparametersshouldconsiderpotential
failuredependenciesonothervariablessuchasstrainrateandthermalefectsduetoadiabaticheating.
Theﬁrstfailurecriterionconsideredisbasedontheconsiderationofacriticalplasticdeformation
thresholdεf(denotedinthisworkasC-model).Thiscriticalplasticdeformationisestimatedherefor
eachcombinationofprojectileshapeandmaterialtestedbyanoptimizationprocesstakingintoaccount
thewholerangeofimpactvelocities.Thisoptimizationprocessaimsatminimizingthepredictive
errorintheresidualvelocitybycomparisonwithexperimentalvalues.Theﬁnalvaluesobtainedfor
thiscriticalplasticdeformationaresummarizedinTable4foreachcombinationofprojectileshape
andmaterialtested.
Table4.Criticalplasticdeformationsforeachcombinationofprojectileshapeandmaterialtested
Projectile AA2024-T351 AA5754-H111 AA6082-T6
Spherical 0.51 1.5 0.74
Blunt 0.28 0.6 0.36
ThesecondmodelusedisbasedontheworkofJohnsonandCook[7](denotedinthisworkas
JCmodel)andtakesintoaccountthedependenciesofthedeformationatfailureonplasticstrainεp,
strainrate.εp,temperatureT,andstresstriaxialityη.Themodelisbasedonthefolowingexpression
fordamageevolution:
D=∑ ∆εpεf(η,.εp,T) (7)
whereDisthedamagetoamaterialelement(rangingfrom0,non-damage,to1,colapseofthe
material),∆εpistheincrementofaccumulatedplasticstrainoccurringduringanintegrationcycle,
andεfisthecriticalfailurestrainlevel.FailureisassumedwhentheparameterDexceedsunity.The
failurestrainεfisdeﬁnedas:
εf(η,
.ε,T)=D1+D2e(D3η)p ·1+D4log
.εp.ε0
·1+D5 T−T0Tmelt−T0 (8)
whereDiarefailureconstantsdependingonthespeciﬁcmaterialmodeled.Theseconstantsare
obtainedfromtheworksofTengetal.[35]andZhou[36,37]forAA2024-T351andAA6082-T6,
respectively.However,theparametersforAA5754-H111areunavailableintheliterature,sothevalues
areadjustedfromtheparametersofanother5xxxseriesaloyfrom[36,37].Table5summarizesthe
valuesusedforeachmaterial.
Table5.Johnson-Cookfailuremodelparameters
Parameter AA2024-T351 AA5754-H111 AA6082-T6
D1 0.13 −0.20 0.0164
D2 0.13 1.133 2.245
D3 −1.5 −0.229 −2.798
D4 0.011 0.0897 0.007
D5 0 7.978 3.65
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Theprojectilesaremodeledwithanominalmassandamaximumdiameterof30gand13mm
respectively.Theprojectileisdeﬁnedasarigidanalyticalbodysinceexperimentaltestsrevealed
noplasticdeformationontheprojectilesurfaceafterimpact.Thisdeﬁnitionalowsforreducingthe
computationalcostrequiredinthesimulations.Africtioncoefﬁcientequalto0.1isusedtodeﬁnethe
contactbetweentheprojectilesandtheplate,asdonebyseveralotherauthors[34,38–41].
4.3.Results
4.3.1.ExperimentalResults
ResidualVelocity
Figure11showstheresidualvelocityversusimpactvelocity(Vr−V0)curvesforthetwodiferent
projectileshapesconsideredandtwoplatethicknesses.Theresultsareﬁtedviatheexpression
proposedbyRechtandIpson[42]as
Vr=(Vκ0−Vκbl)1/κ (9)
whereκisaﬁtingparameterdependingontheprojectileshapethatdescribesthetrendofthe
relationshipbetweentheimpactandresidualvelocities. Forthesphericalprojectile,theﬁting
parameterobtainedisκ=1.95forAA5754-H111;κ=1.90forAA6082-T6;andκ=2.2forAA2024-T351.
However,forthebluntprojectile,theﬁtingparameterobtainedisκ=1.60forAA5754-H111,κ=1.90
forAA6082-T6,andκ
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Figure 11. Comparison of residual velocity   versus impact velocity   for the three aluminum 
aloys studied: (a) spherical projectile and 4 mm thick plates; (b) blunt projectile and 4 mm thick 
plates; (c) spherical projectile and 1 mm thick plates. 
Failure Mode 
The variation in energy absorption capacity with diferent projectile nose shapes can be related 
to the corresponding diference in deformation and failure modes as shown in Figure 12. In this 
=1.forAA2024-T351.
Figure11.ComparisonofresidualvelocityVrversusimpactvelocityV0forthethreealuminumaloys
studied:(a)sphericalprojectileand4mmthickplates;(b)bluntprojectileand4mmthickplates;
(c)sphericalprojectileand1mmthickplates.
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Fortheimpacttestsconductedwithsphericalprojectilesandplatethicknessof4mm,thebalistic
limits(Vbl)arefoundtobe385,387and408m/sforAA5754-H111,AA6082-T6andAA2024-T351,
respectively.Lowerbalisticlimitsarefoundforthebluntprojectile:280m/s,250m/s,and300m/s
forAA5754-H111,AA6082-T6,andAA2024-T351,respectively.Asexpected,forsteelsphereimpacts
on1mmthickplates,thevaluesareconsiderablylower,150.0,117,and145m/s,forAA5754-H111,
AA6082-T6,andAA2024-T351,respectively.
FailureMode
Thevariationinenergyabsorptioncapacitywithdiferentprojectilenoseshapescanberelated
tothecorrespondingdiferenceindeformationandfailuremodesasshowninFigure12.Inthis
regard,Kpenyigbaetal.[13]observedthatthefailurestraindependsonthestressstateinducedbythe
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is dominated by shear banding leading to the ejection of a circular plug at the final stage of the 
perforation. This circular plug presents a diameter equal to the projectile diameter. 
 
Figure 13. Experimental results: blunt projectile configuration. The final stage of the impact process 
for: (a) AA 6082‐T6; (b) AA 5754‐H111; (c) AA2024‐T351. 
projectileshape.
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• SphericalProjecileC ﬁguration
Sphericalprojectilesleadtoaplatefailurebasedonductileholeenlargement,wherethematerial
infrontoftheprojectileispushedforward,seeFigure12.Localizedrearbulgingwithradialcracks
andshortpetalsisalsoobserved.ThisefectishighlightedforAA5754-H111.Theplugejectedshows
adiametersimilartotheprojectile;however,thediameteroftheperforatedholeisfoundtobesmaler
thantheprojectile’sduetoelasticrecovery(springbackbehavior),especialyforAA2024-T351and
AA5754-H111.
• BluntProjectileConﬁguration
Fortheimpacttestsconductedwiththebluntprojectile,Figure13,thefailuremodeoftheplate
isdominatedbyshearbandingleadingtotheejectionofacircularplugattheﬁnalstageofthe
perforation.Thiscircularplugpresentsadiameterequaltotheprojectilediameter.
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Figure13.Experimentalresults:bluntprojectileconﬁguration.Theﬁnalstageoftheimpactprocess
for:(a)AA6082-T6;(b)AA5754-H111;(c)AA2024-T351.
4.3.2.NumericalResults
ResidualVelocity
Acomparisonbetweenexperimentalandnumericalresultsintermsofresidualversus
impactvelocitiesiscarriedoutforthediferentprojectilenoseshapesandfailurecriteriaused
(seeFigures14–16
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Figure 14. Spherical projectile configuration. Thickness = 4 mm. Comparison of residual velocity Vr 
versus impact velocity V0 between experiments and numerical simulations for: (a) AA 5754‐H111; (b) 
AA 6082‐T6; (c) AA 2024‐T351. 
In the case of impacts that also use a spherical projectile but on 1 mm thick plates, Figure 15, the 
B‐W failure model correctly predicts the balistic limit except in the case of AA 6082‐T6, that the 
numerical value is overestimated by approximately 15% with respect to the experimental result. 
However, it correctly reproduces the behavior of the material for values above the balistic limit. A 
similar result is obtained with the JC model, where a diference of approximately 10% is obtained. 
).
Figure14.Sphericalprojectileconﬁguration.Thickness=4mm.ComparisonofresidualvelocityVr
versusimpactvelocityV0betweenexperimentsandnumericalsimulationsfor:(a)AA5754-H111;
(b)AA6082-T6;(c)AA2024-T351.
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Figure 15. Spherical projectile configuration. Thickness = 1 mm. Comparison of residual velocity Vr 
versus impact velocity V0 between experiments and numerical simulations for: (a) AA 5754‐H111; (b) 
AA 6082‐T6; (c) AA 2024‐T351. 
 Blunt Projectile Configuration 
For impacts conducted with blunt projectiles, a maximum diference of 25, 15, and 40% is found 
between the experimental and predicted balistic limit velocities for AA 5754‐H111, AA 6082‐T6, and 
AA 2024‐T351, respectively. According to Fras et al. [1], the impact of cylindrical projectiles is the 
most challenging and complex scenario, usualy requiring the recalibration of the failure parameters. 
It can be noted in Figure 16 that, although disparity in the prediction of the balistic limit, numerical 
predictions are satisfactory beyond this point. 
   
(a)  (b) 
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Figure15.Sphericalprojectileconﬁguration.Thickness=1mm.ComparisonofresidualvelocityVr
versusimpactvelocityV0betweenexperimentsandnumericalsimulationsfor:(a)AA5754-H111;
(b)AA6082-T6;(c
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Figure 15. Spherical projectile configuration. Thickness = 1 mm. Comparison of residual velocity Vr 
versus impact velocity V0 between experiments and numerical simulations for: (a) AA 5754‐H111; (b) 
AA 6082‐T6; (c) AA 2024‐T351. 
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For impacts conducted with blunt projectiles, a maximum diference of 25, 15, and 40% is found 
between the experimental and predicted balistic limit velocities for AA 5754‐H111, AA 6082‐T6, and 
AA 2024‐T351, respetively. Accordin  to Fras et al. [1],the impact of cylindical projctles isthe 
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It can benoted in Figure 16 that,although disparity in the prediction of the balistic limit, numerical 
predictions are satisfactory beyond this point. 
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)AA2024-T351.
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Figure 16. Blunt projectile configuration. Thickness = 4 mm. Comparison of residual velocity Vr versus 
impact velocity V0 between experiments and numerical simulations for: (a) AA 5754‐H111; (b) AA 
6082‐T6; (c) AA 2024‐T351. 
Failure Mode 
Figure 17 compares the final stage of the perforation process for the different failure models and 
for the three diferent aluminum aloys studied in this work. This figure is compared with the 
experimental observations presented in Figure 12. The numerical predictions and experimental 
results in terms of failure mode are quite similar to each other. In this regard, the failure mode of the 
AA 5754‐H111 in the numerical simulations is very close to the equivalent experimental failure mode. 
Compared to AA 6082‐T6 and AA 2024‐T351, the BW and the critical plastic deformation models 
show some similarity in representing radial crack propagation. The JC model is the worst predictor 
of the failure mechanism for the AA 2024‐T351 aloy. 
It should be noted that the critical plastic deformation model is calibrated to obtain the best 
results in residual velocity without paying atention to the failure mode.  
 
Figure 17. Details of the failure mode of targets impacted by spherical steel projectiles: (a) AA 5754‐
H111; (b) AA 6082‐T6; (c) AA 2024‐T351. 
Regarding the failure mechanisms using the blunt projectile, Figure 18, al the failure models 
considered clearly reproduce the cut. In this regard, it should be highlighted the capacity of the BW 
model to alow for the plastic deformation experimentaly observed around the impact zone. 
Figure16.Bluntprojectileconﬁguration.Thickness=4mm.ComparisonofresidualvelocityVrversus
impactvelocityV0betweenexperimentsandnumericalsimulationsfor:(a)AA5754-H111;(b)AA
6082-T6;(c)AA2024-T351.
Metals2018,8,520 16of20
• SphericalProjectileConﬁguration
Figure14showstheresidualvelocityversusimpactvelocitycurvesforimpacttestsusingspherical
projectilesand4mmthicknessplates.Theresidualvelocitypredictionsareingoodagreementwiththe
experimentalresults.However,theJCandBWfailuremodelspresentmaximumvariationsinthebalistic
limitlowerthan10%oftheexperimentalvalues.Ingeneral,thepredictionofthewholerangeofresidual
velocitiesdependingonimpactvelocitiesisquitecomplicated,asrecentlyarguedbyFrasetal.[1].
Inthecaseofimpactsthatalsouseasphericalprojectilebuton1mmthickplates,Figure15,
theB-WfailuremodelcorrectlypredictsthebalisticlimitexceptinthecaseofAA6082-T6,that
thenumericalvalueisoverestimatedbyapproximately15%withrespecttotheexperimentalresult.
However,itcorrectlyreproducesthebehaviorofthematerialforvaluesabovethebalisticlimit.
AsimilarresultisobtainedwiththeJCmodel,whereadiferenceofapproximately10%isobtained.
• BluntProjectileConﬁguration
Forimpactsconductedwithbluntprojectiles,amaximumdiferenceof25,15,and40%isfound
betweentheexperimentalandpredictedbalisticlimitvelocitiesforAA5754-H111,AA6082-T6,and
AA2024-T351,respectively.AccordingtoFrasetal.[1],theimpactofcylindricalprojectilesisthe
mostchalengingandcomplexscenario,usualyrequiringtherecalibrationofthefailureparameters.
ItcanbenotedinFigure16that,althoughdisparityinthepredictionofthebalisticlimit,numerical
predictionsaresatisfactorybeyondthispoint.
FailureMode
Figure17comparestheﬁnalstageoftheperforationprocessforthediferentfailuremodels
andforthethreediferentaluminumaloysstudiedinthiswork.Thisﬁgureiscomparedwiththe
experimentalobservationspresentedinFigure12.Thenumericalpredictionsandexperimentalresults
intermsoffailuremodearequitesimilartoeachother.Inthisregard,thefailuremodeoftheAA
5754-H111inthenumericalsimulationsisveryclosetotheequivalentexperimentalfailuremode.
ComparedtoAA6082-T6andAA2024-T351,theBWandthecriticalplasticdeformationmodelsshow
somesimilarityinrepresentingradialcrackpropagation.TheJCmodelistheworstpredictorofthe
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Figure 17. Details of the failure mode of targets impacted by spherical steel projectiles: (a) AA 5754‐
H111; (b) AA 6082‐T6; (c) AA 2024‐T351. 
Regarding the failure mechanisms using the blunt projectile, Figure 18, al the failure models 
considered clearly reproduce the cut. In this regard, it should be highlighted the capacity of the BW 
model to alow for the plastic deformation experimentaly observed around the impact zone. 
failuremechanismfortheAA2024-T351aloy.
Figure17.Detailsofthefailuremodeoftargetsimpactedbysphericalsteelprojectiles:(a)AA
5754-H111;(b)AA6082-T6;(c)AA2024-T351.
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Itshouldbenotedthatthecriticalplasticdeformationmodeliscalibratedtoobtainthebestresults
inresidualvelocitywithoutpayingatentiontothefailuremode.
Regardingthefailuremechanismsusingthebluntprojectile,Figure18,althefailuremodels
consideredclearlyreproducethecut.Inthisregard,itshouldbehighlightedthecapacityoftheBW
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Figure 18. Details of the failure mode of targets impacted by blunt projectiles: (a) AA 5754‐H111; (b) 
AA 6082‐T6; and (c) AA 2024‐T351. 
5. Discussion 
Tension–torsion tests have alowed to relate diferent stress states, by means of the Lode 
parameter and the stress triaxiality, with the failure strain of the three aluminum aloys studied in 
this work. The analysis of the influence of stress state on dynamic problems has been conducted using 
two projectile configurations. The three aluminum aloys considered are: AA 5754‐H111, AA 6082‐
T6, and AA 2024‐T351. The first aloy displays low initial yield stress but marked strain hardening 
and enhanced ductility. The second aloy shows largely different mechanical response with high 
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Figure 19. Balistic limit velocity   versus projectile nose shape for the three materials tested. 
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5.Discussion
Tension–torsiontestshavealowedtorelatediferentstressstates,bymeansoftheLodeparameter
andthestresstriaxiality,withthefailurestrainofthethreealuminumaloysstudiedinthiswork.
Theanalysisoftheinﬂuenceofstressstateondynamicproblemshasbeenconductedusingtwo
projectileconﬁgurations.Thethreealuminumaloysconsideredare:AA5754-H111,AA6082-T6,
andAA2024-T351.Theﬁrstaloydisplayslowinitialyieldstressbutmarkedstrainhardeningand
enhancedductility.Thesecondaloyshowslargelydiferentmechanicalresponsewithhighinitial
yieldstress,lowstrainhardening,andlimitedductility.Thethirdofthemshowsgreaterductilityand
greaterinitialyieldstress[20,21].
Thebalisticlimitandthefailurestrainofthematerialarestronglyrelatedtothestressstate
associatedtotheprojectileshape.Figure19showsthebalisticlimitwithrespecttotheprojectileshape
andtheplatethickness.Itisworthnotingthatforhigherthicknesses,inthiscase4mm,thematerial
withthebestperformanceisAA2024-T351folowedbyAA6082-T6.However,forthinthicknesses,in
thiscase1mm,thebestperformanceagainstimpactispresentedbytheAA5754-H111folowedby
AA2024-T351.Thismayexplainthatthemostinﬂuentialparameterforlowthicknessisductilityand
failuredeformation.Themaximumfailurestrainsobtainedinthetension–torsiontestsweregivenfor
AA5754-H111andthenforAA2024-T351.
Thecriticalplasticdeformationsobtainedfromtheexperimental-numericalimpactresults
dependingontheprojectileshape,showtheinﬂuenceofthetensionstateonfailure,seevalues
inTable4.Alsonotethatthecriticalplasticdeformationsobtainedfromtheimpacttestsarehigher
thantherespectiveonesfromtension–torsionstests.Thisfactmaybeduetotheinﬂuenceofthestrain
rateonthematerialfailureortotheinﬂuenceoftemperatureincrementswithinthematerialdueto
adiabaticheating(especialyrelevantunderhighstrainrateloadingconditions).
Metals2018,8,520 18of20
TheLodeparameterhasbeenconstantlyhighlightedasanessentialvariabletobeincludedin
theformulationoffailuremodels.Fromourresults,wethinkthatawidersetofcharacterization
experimentsshouldbeconductedinordertobetercalibratetheBWfailuremodelanditsdependencies
onstressstate. However,theworkdonehereandthevaluesprovidedinTable3forthismodel
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paametrs,havebeenfoundaccepablet eproducetheimpacteventstested.
Figure19.BalisticlimitvelocityVblversusprojectilenoseshapeforthethreematerialstested.
6.Conclusions
Theexperimentalandnumericalresultsobtainedinthispapercouldbesynthesizedas:
- Tension–torsiontestsandimpacttestsareconductedonthreealuminumaloys:AA5754-H111,
AA6082-T6,andAA2024-T351.Testsareperformedcoveringawiderangeofstresstriaxialities
andLodeparameters.
- Theobservationsfromtension–torsiontestsalowtoidentifythematerialparametersoffailure
modelsthattakeintoaccountstressstatesensitivity.Theseresultsarecomparedtofailure
modeatimpactconditionswiththeaimofanalysingtheinﬂuenceofstrainrate,triaxiality,and
Lodeparameteronthemechanicalresponseofaluminumaloys.Inthisregard,higherfailure
strainvaluesarefoundfordynamic(balistic/perforation)testsincomparisonwithquasi-static
(tension–torsiontests).Thisfactindicatesthatmorecharacterizationtestsareneededtoproperly
deﬁnefailurewhenthematerialisexposedtodynamicloadingwherestrainratesensitivity(high
strainrates)andtemperaturesensitivity(duetoadiabaticheating)areexpected.
- Thegeometryoftheprojectileplaysaderterminingroleintheresultingstressstateinthetargeted
structure.Onthispoint,diferentstressstatesleadtodiferentfailuremodes.
- Targetstrengthincreasemaynotleadtodecreasingbalisticlimitwhenotherthicknessplate
isused.
- Thecriticalplasticdeformation,Johnson–CookandBai-Wierbickimodelsrequireextensive
calibrationinordertocorrectlyreproducethefailuremechanismsduringimpacteventsinvolving
diferentprojectilegeometries.Inthisregard,furthercharacterizationteststoaccountforstrain
rateandtemperaturedependenciesareneeded.
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